Progress in next-generation sequencing (NGS) technologies has vastly improved the field of medical genetics and as a result, over 8000 genes and 15,000 phenotypes have been catalogued in the Online Mendelian Inheritance in Man (OMIM) database (in the public domain; <http://www.omim.org>). Likewise, increasing accessibility of gene sequencing for individual patients has provided physicians and scientists the ability to make valuable genotype--phenotype correlations. The predictive power of either targeted genetic screening or clinical examination alone, however, remains limited as the phenotypic spectrum of a given monogenic disorder varies considerably between patients, and even related individuals. Deciphering the variability of disease expression may inevitably require one to extend analyses beyond the causal effect of single genes.

The clinical spectrum of Stargardt disease (STGD1; OMIM \#248200), a progressive retinal disorder, typifies the complexity of both phenotypic and genotypic heterogeneity as reported in its disease expression within and among different ethnic groups.^[@i1552-5783-57-7-3409-b01][@i1552-5783-57-7-3409-b02][@i1552-5783-57-7-3409-b03][@i1552-5783-57-7-3409-b04][@i1552-5783-57-7-3409-b05][@i1552-5783-57-7-3409-b06][@i1552-5783-57-7-3409-b07]--[@i1552-5783-57-7-3409-b08]^ STGD1 is caused by mutations in the ATP-binding cassette, subfamily A (*ABCA*4) gene and is estimated to affect between 1 in 8000 and 1 in 10,000 people worldwide.^[@i1552-5783-57-7-3409-b09][@i1552-5783-57-7-3409-b10]--[@i1552-5783-57-7-3409-b11]^ A dysfunctional ABCA4 protein results in the inadequate handling of vitamin A aldehyde in photoreceptor outer segments, thereby incurring the abundant formation of phototoxic bisretinoids of lipofuscin, including A2E.^[@i1552-5783-57-7-3409-b12][@i1552-5783-57-7-3409-b13]--[@i1552-5783-57-7-3409-b14]^ Disc shedding and subsequent phagocytosis of the outer segments by RPE cells leads to significant lysosomal accumulations of lipofuscin, which is believed to be the cellular impetus for disease.^[@i1552-5783-57-7-3409-b15]^ The onset of STGD1 typically begins in the first two decades of life^[@i1552-5783-57-7-3409-b16]^; however, disease onset within later decades has also been described from mutations, which map outside the functional regions of *ABCA4*.^[@i1552-5783-57-7-3409-b17],[@i1552-5783-57-7-3409-b18]^ Due to high carrier frequencies in the general population (∼1:20),^[@i1552-5783-57-7-3409-b03],[@i1552-5783-57-7-3409-b18],[@i1552-5783-57-7-3409-b19]^ its reported prevalence may be a gross underestimation as in fact, multiple affected individuals across successive generations in a single family (pseudodominant inheritance) have been described on multiple occasions.^[@i1552-5783-57-7-3409-b18],[@i1552-5783-57-7-3409-b20][@i1552-5783-57-7-3409-b21]--[@i1552-5783-57-7-3409-b22]^

The complex phenotypes resulting from the simultaneous expression of STGD1 and other inherited retina diseases such as congenital stationary night blindness (CSNB1) and retinoblastoma have been described.^[@i1552-5783-57-7-3409-b23],[@i1552-5783-57-7-3409-b24]^ Such cases of multiple Mendelian diseases, particularly in a single organ, are scarce due perhaps to infrequent incidences; however, the 1000 Genomes Project estimates that, on average, a single individual carries approximately 250 to 300 loss-of-function variants in annotated genes and 50 to 100 variants previously implicated in inherited disorders.^[@i1552-5783-57-7-3409-b25]^ As such, many more cases may well exist but will likely remain unrecognized without an appropriate clinical and genetic screening repertoire. Identifying such cases by integrating knowledge of genetics, epidemiology, and comprehensive tools for clinical examination would have a significant impact on the clinical care of such patients. Furthermore, the opportunity to study such rare cases will undoubtedly provide insight into the manifestation of multiple intersecting disease pathways in the human body. Here, we describe the phenotypic manifestation of a family with two affected individuals who possess *ABCA4* mutations on both alleles while simultaneously expressing the heterozygous phenotype of X-linked ocular albinism (OA1) from a novel *GPR143* mutation.

Materials and Methods {#s2}
=====================

Patients and Clinical Evaluation {#s2a}
--------------------------------

Each study subject was consented before participating in the study under the institutional review board protocol \#AAAI9906 approved by the institutional review board at Columbia University (New York, NY, USA). The study adhered to tenets set out in the Declaration of Helsinki. Each patient underwent a complete ophthalmic examination reviewed by a retinal physician (SHT), including slit-lamp and dilated fundus examinations. Vision was assessed by the measurement of best-corrected visual acuity (BCVA; Snellen), while further structural assessments were made using color fundus photography, autofluorescence (AF), and spectral-domain optical coherence tomography (SD-OCT).

Clinical Data Acquisition and Analysis {#s2b}
--------------------------------------

Spectral-domain OCT scans and corresponding fundus images were acquired using a Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg, Germany). Both standard fundus autofluorescence (488-nm excitation) and near-infrared (NIR) fundus AF (787-nm excitation) were obtained using a confocal scanning-laser ophthalmoscope (Heidelberg Retina Angiograph 2, Heidelberg Engineering, Dossenheim, Germany). Fundus AF images were acquired by illuminating the fundus with an argon laser source (488 nm) and viewing the resultant fluorescence through a band pass filter with a short wavelength cut off at 495 nm. Color fundus photos were obtained with a FF 450plus Fundus Camera (Carl Zeiss Meditec AG, Jena, Germany).

Electroretinograms (ERG) in the affected siblings were recorded using the Diagnosys Espion Electrophysiology System (Diagnosys LLC, Littleton, MA, USA). For each recording, the pupils were maximally dilated and measured before full-field ERG testing using guttate tropicamide (1%) and phenylephrine hydrochloride (2.5%); and the corneas were anesthetized with guttate proparacaine 0.5%. Silver impregnated fiber electrodes (DTL; Diagnosys LLC, Littleton, MA, USA) were used with a ground electrode on the forehead. Full-field ERGs to test generalized retinal function were performed using extended testing protocols incorporating the International Society for Clinical Electrophysiology of Vision standard.^[@i1552-5783-57-7-3409-b26]^

Quantitative autofluorescence (qAF) was analyzed in the two affected sisters (II-2 and II-3). Protocols for the acquisition of AF images that meet the quality standards necessary for quantification have been previously described.^[@i1552-5783-57-7-3409-b27],[@i1552-5783-57-7-3409-b28]^ Fundus AF images (30°; 488-nm excitation) were acquired using a confocal scanning laser ophthalmoscope (Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg, Germany) modified by the insertion of an internal fluorescent reference to account for variations in laser power and detector gain. The barrier filter in the device transmitted light from 500 to 680 nm. Prior to acquisition, the fundus is exposed to the AF light for 20 to 30 seconds to bleach rhodopsin, while at the same time, focus and alignment were refined to produce a maximum and uniform signal over the entire field.

Fundus AF images were analyzed with a dedicated image analysis software written in IGOR (WaveMetrics, Lake Oswego, OR, USA) to determine qAF. The software recorded the mean gray levels (GLs) of the internal reference and of eight circularly arranged segments positioned at an eccentricity of approximately 7° to 9° ([Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}E). Segments were scaled to the horizontal distance between the fovea and the temporal edge of the optic disc. Control values used in this study consisted of previously published data from 277 healthy subjects (374 eyes; age range, 5--60 years) without a family history of retinal dystrophy.^[@i1552-5783-57-7-3409-b29]^

![Clinical characterization of the proband (II-2) and affected sister (II-3) harboring the p.G1961E and p.L541P mutations of *ABCA4*. (**A**) Autofluorescence imaging revealed confined bull\'s eye maculopathy lesions in both eyes of the siblings corresponding to (**B**) optically empty lesion on SD-OCT. (**C**) Full-field ERG traces in II-2 (*blue*) and II-3 (*red*) showing generally preserved rod and cone function in the retina with the exception of mild implicit time delays in single flash cone responses when compared with the responses of an age-matched healthy eye. (**D**) Pedigree of the family illustrating segregation of the *ABCA4* mutations from the unaffected parents. (**E**) Color maps of quantitative autofluorescence levels (qAF-units) in II-2, II-3, and an age-matched healthy individual. Analysis of qAF was measured in eight scaled segments (qAF~8~) within the macula. (**F**) Quantitative AF~8~ levels in II-2 and II-3 were elevated, falling outside the 95% confidence interval of qAF~8~ in healthy individuals.](i1552-5783-57-7-3409-f01){#i1552-5783-57-7-3409-f01}

Genetic Analyses {#s2c}
----------------

Screening of the *ABCA4* gene was performed in the affected siblings (II-2 and II-3) and detected variants were subsequently validated in the unaffected relatives for phase and carrier status by next-generation sequencing (NGS) as described before.^[@i1552-5783-57-7-3409-b19]^ The NGS reads were analyzed and compared with the reference genome GRCh37/hg19, using the variant discovery software NextGENe (SoftGenetics LLC, State College, PA, USA). All detected possibly disease-associated variants were confirmed by Sanger sequencing segregation of the variants with the disease was analyzed in the mother and father. The allele frequencies of p.L541P and p.G1961E were compared with the ExAC database (in the public domain, <http://exac.broadinstitute.org/>); accessed September 2015.

Results {#s3}
=======

The proband, a 27-year-old woman, and her 24-year-old sister, presented to the clinic with macular disease, uncorrectable vision loss and a negative family history of retinal diseases. Best-corrected visual acuities were found to be 20/200 bilaterally in both siblings. Elliptical bull\'s eye lesions with granular hyperAF borders and fine yellow flecks (II-2, OD) were noted around the fovea on fundoscopy and AF imaging ([Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}A). Spectral-domain OCT scans revealed a focal loss of the ellipsoid zone band within the foveal region that is consistent with the optical gap or optically empty lesion phenotype described in STGD1^30^ ([Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}B). Results from full-field ERG testing revealed no significantly generalized rod and cone dysfunction in the retina with the exception of mild implicit time delays in single flash cone responses in the proband and her sister (blue and red traces, respectively) when compared with the response of an age-matched healthy eye (dotted gray trace; [Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}C). Direct sequencing of the *ABCA4* gene in the sisters disclosed two known disease-causing mutations, p.L541P and p.G1961E, which were validated in the reportedly unaffected parents ([Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}D, pedigree).

Quantitative measurements of autofluorescence were obtained in the proband and her sister according to methods previously described.^[@i1552-5783-57-7-3409-b27],[@i1552-5783-57-7-3409-b28]^ Color-coded maps ([Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}E), scaled to qAF-units (0--1200), revealed both global and localized increases in qAF in the macula, particularly in the temporal region as compared to an age-matched healthy individual. An average qAF value taken from eight circularly arranged segments (defined as qAF~8~; [Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}E, outlined in white) was calculated in both eyes. The inner and outer radii of the segments are scaled according to the horizontal distance between the temporal edge of the optic disc and the center of the fovea. In keeping with previously published qAF levels in STGD1,^[@i1552-5783-57-7-3409-b27]^ qAF~8~ (mean of both eyes) values in both sisters were increased (average qAF~8~ OU = 466.6, proband; 320.3, sister), falling outside the 95% confidence intervals of healthy subjects when plotted as a function of age ([Fig. 1](#i1552-5783-57-7-3409-f01){ref-type="fig"}F).

Fundoscopic examination of the periphery and wide-field AF imaging in the affected sisters revealed an unexpected mosaic pattern of dark patches radially distributed across the posterior pole; however, this pattern was not discernable in the macula ([Figs. 2](#i1552-5783-57-7-3409-f02){ref-type="fig"}A, [2](#i1552-5783-57-7-3409-f02){ref-type="fig"}C). Corresponding areas on color images revealed a mottled, "mud-splattered" pattern of fundus hypopigmentation ([Figs. 2](#i1552-5783-57-7-3409-f02){ref-type="fig"}B, [2](#i1552-5783-57-7-3409-f02){ref-type="fig"}D). Direct sequencing of the *GPR143* gene in the family uncovered an unreported missense variant, c.A470G (p.Y157C), in the affected siblings and, unexpectedly, the father ([Figs. 3](#i1552-5783-57-7-3409-f03){ref-type="fig"}G, [3](#i1552-5783-57-7-3409-f03){ref-type="fig"}H) who had previously reported no history of visual symptoms. The variants\' allele frequency in the population is 0.0052% and 0.03% according to the ExAC (in the public domain, <http://exac.broadinstitute.org/>) and ESP6500 (in the public domain, <http://evs.gs.washington.edu/EVS/>) databases, respectively, and its nucleotide position is moderately conserved as predicted by phyloP (phyloP: 3.92) although it is highly conserved across 11 species up to Tetraodon. The mutational change was predicted to be deleterious or damaging by all four, sorting Intolerant from Tolerant (score: 0) (SIFT; in the public domain, <http://sift.jcvi.org/>), Polyphen-2 (score: 1) and MutationTaster (*P* value: 1) predictive software programs.

![Wide-field montage of AF imaging and color fundus photographs in the proband (II-2) and affected sister (II-3) harboring the p.G1961E and p.L541P mutations of *ABCA4*. (**A**) A "mud-splatted" pattern of fundus hypopigmentation pattern was evident on AF and color fundus photographs in the peripheral retina in II-2 (**A**, **B**) and II-3 (**C**, **D**). The hypopigmentation pattern was notably absent in and around the macula.](i1552-5783-57-7-3409-f02){#i1552-5783-57-7-3409-f02}

![An absence of disease expression was confirmed in the father (I-1) of the affected proband and sister. Despite harboring the expected disease-causing p.Y257C mutation of in *GPR143*, the father exhibited no symptoms or disease changes in the macula related to X-linked ocular albinism on (**A**) color fundus photographs and (**B**) AF imaging; however, (**C**) NIR-AF (melanin) imaging revealed the absence of a high signal over the foveal region that is typically seen in healthy eyes. Iris pigmentation was normal as it appeared on a (**D**) color photograph and (**E**) NIR imaging and no signs of foveal hypoplasia was observed on (**F**) SD-OCT. (**G**) Pedigree of the family illustrating the segregation of the p.Y257C mutation of *GPR143* from the father to the siblings. (**H**) Chromatograms confirming the c.A470G (p.Y157C) peaks in father (I-1) and daughters (II-2, II-3) but not the mother (I-2).](i1552-5783-57-7-3409-f03){#i1552-5783-57-7-3409-f03}

A full examination of the other immediate relatives, parents and brother, was completely unremarkable for ocular disease. The father had BCVA of 20/15 in both eyes and multimodal retinal imaging confirmed the absence of any significant disease-related changes ([Figs. 3](#i1552-5783-57-7-3409-f03){ref-type="fig"}A, [3](#i1552-5783-57-7-3409-f03){ref-type="fig"}B). Near-infrared AF (787-nm excitation) imaging of choroidal and RPE melanin showed no abnormal iris but the absence of the increased signal over the foveal region as seen in healthy eyes. ([Figs. 3](#i1552-5783-57-7-3409-f03){ref-type="fig"}C--E) The presence of a normal foveal depression is apparent on SD-OCT ([Fig. 3](#i1552-5783-57-7-3409-f03){ref-type="fig"}F). The father reported no family history of retinal disease particularly that which is associated with OA1.

Discussion {#s4}
==========

In addition to the two disease alleles in *ABCA4*, this family was also found to harbor a novel, likely pathogenic mutation in *GPR143* resulting in a combined STGD1 disease and heterozygous carrier phenotype in the affected sisters (II-2 and II-3). The prevalence of both Stargardt disease and OA1 are approximately 1:10,000 (with a carrier frequency of ∼5%)^[@i1552-5783-57-7-3409-b03],[@i1552-5783-57-7-3409-b18],[@i1552-5783-57-7-3409-b19]^ and 1:50,000,^[@i1552-5783-57-7-3409-b31],[@i1552-5783-57-7-3409-b32]^ respectively, making such an occurrence highly improbable (∼1 in 500 million). Nevertheless, the subsequent finding had a significant impact on genetic counseling in the affected daughters.

Although both STGD1 and OA1 are diseases of the outer retina, it is unclear if or how both disease phenotypes would interact as the respective protein products of *ABCA4* and *GPR143* are localized to distinct cell types (photoreceptor and RPE cells, respectively). The peripheral "mud-splattered" appearance of the fundus in the affected siblings is a well-described mosaic pattern of RPE pigmentation in carrier females of *GPR143* that occurs throughout the posterior pole as a result of random x-inactivation of cells.^[@i1552-5783-57-7-3409-b33][@i1552-5783-57-7-3409-b34][@i1552-5783-57-7-3409-b35]--[@i1552-5783-57-7-3409-b36]^ The pattern in both siblings, however, appears to be "masked" anteriorly by an increased distribution of AF in the macula, a disease feature consistent with ABCA4 dysfunction.^[@i1552-5783-57-7-3409-b27],[@i1552-5783-57-7-3409-b28],[@i1552-5783-57-7-3409-b37]^ This apparent absence ("masking") of the underlying RPE phenotype by an increased emission of AF in the macula may be explained by several possibilities. Increased lipofuscin accumulation in the area may be displacing mislocalized melanosomes at the apical surface of RPE, thereby reducing visibility of any pigmentary characteristics. Likewise, apart from accumulated lipofuscin in subjacent RPE, a rapid increase of fluorophores residing in photoreceptor inner and outer segment^[@i1552-5783-57-7-3409-b38]^ may provide an additional contribution to the 488-nm signal further shielding visibility of RPE characteristics.

The reason(s) for absence of disease expression in the father, from whom the *GPR143* mutation segregated, are unclear. Disease features of *GPR143* (OA1) are of congenital onset and include nystagmus, iris translucency, macular hypoplasia, fundus hypopigmentation, and normal pigmentation of skin and hair.^[@i1552-5783-57-7-3409-b39][@i1552-5783-57-7-3409-b40]--[@i1552-5783-57-7-3409-b41]^ Over 100 pathogenic mutations in *GPR143* have been reported of which approximately 48% are intragenic deletions while 43% are missense and splice site mutations though current methods of clinical examination have failed to identify phenotype-genotype correlations.^[@i1552-5783-57-7-3409-b39]^ Milder OA1 phenotypes have been described; however, such cases exhibit nearly all other disease features with the exception of iris translumination and/or reduced hypopigmentation.^[@i1552-5783-57-7-3409-b39],[@i1552-5783-57-7-3409-b42]^ The absence of an increased NIR-AF signal in the foveal region described in healthy eyes may however, reveal an abnormal distribution or reduction of melanin in the father\'s RPE cells but it is unclear whether this finding was incidental or age-related. Such an indication of mild disease expressivity would not be unexpected as abnormalities of the fovea and RPE melanin are well-established features of OA1. The novel p.Y157C mutation reported in this family results in the substitution of a tyrosine to cysteine residue (Grantham score = 194) within the highly conserved transmembrane domain IV of the protein. The biochemical defect of this variant is unknown; however, mutations within the transmembrane domains have displayed ER retention and defective intracellular transport consistent with protein misfolding while mutations that cluster in the cytosolic loops traffic properly but are likely associated with defects in downstream signaling.^[@i1552-5783-57-7-3409-b43]^

Further explanations for the absence of disease expression in this single case are limited and beyond the scope of this study. Nevertheless, phenotypic variability and nonpenetrance are frequent features of monogenic diseases and much work in the last few decades has increased our understanding of genetic mosaicism and the role of epigenetics in human disease.^[@i1552-5783-57-7-3409-b44],[@i1552-5783-57-7-3409-b45]^ Hypothetically, a parental mosaicism scenario in this family would require that the *GPR143* mutation had arisen in the correct progenitor cell type and stage of embryogenesis in the father in such a way that it is exists in both somatic cells (blood leukocytes) and germline cells to be inherited by the daughters and that a small population of these cells is maintained such that the father does not or does not fully express features of OA1. Compensatory upregulation of downstream signaling may be possible, in theory, though likely insufficient for a complete phenotypic rescue given the complex role of *GPR143*. For instance, Young and colleagues^[@i1552-5783-57-7-3409-b46]^ hypothesized and subsequently demonstrated that constitutively upregulating Gαi3, a major transducer in the murine Oa1 signaling cascade, rescues, in part, the RPE melanosomal phenotype in *Oa1*^−/−^ mice.^[@i1552-5783-57-7-3409-b47]^

In summary, a family has been identified harboring disease-causing mutations in both *ABCA4* and *GPR143* genes resulting in a complex, overlapping disease phenotype. The affected daughters with the two *ABCA4* mutations and a single *GPR143* mutation exhibited both classical *ABCA4*-associated bull\'s eye maculopathy lesions and a mud-splattered hypopigmentation pattern seen in heterozygous female carriers of OA1. The hypopigmentation pattern was visible only in the periphery perhaps due to an *ABCA4*-associated elevation of lipofuscin in the macula. The *GPR143* mutation, which segregated from the father who was unexpectedly asymptomatic and exhibited no features of OA1-related changes with the exception of possible melanin-related changes seen on NIR-AF imaging, may be a disease variant associated with variable expressivity and penetrance. Co-occurring Mendelian diseases, particularly those that effect the same organ system, are rare but essential for providing valuable insight into the interactions of multiple disease pathways.
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